Decreased production of surface-active organic substances as a consequence of the oligotrophication in the northern Adriatic Sea by Gašparović, Blaženka




Center for Marine and Environmental Research, Ruđer Bošković Institute, POB 180, HR-10002 Zagreb, Croatia





The dynamics of surface-active substances (SAS) in the northern Adriatic Sea was studied based on monthly sampling from 1998 to 2010. The data from two stations on the eastern and the western part of the northern Adriatic basin differing significantly in terms of their trophic status are presented and discussed. As a consequence of oligotrophication the concentration of SAS, primarily produced by phytoplankton, decreased lately (period 2005-2010) in the upper water column. Higher decrease was observed at site further away from the influence of freshwaters implying that oligotrophic regions are much more sensible to the environmental changes. Besides change in SAS concentration, the changes in its distribution between the dissolved and the particulate fraction and their acidity characteristics along the water column have been also observed in the recent period. We suggest that production of SAS shifted to deeper layers. This probably due to the phytoplankton depth increased in response to the changed vertical distribution of nutrients. This implies increased importance of regenerated nutrients near the bottom for the phytoplankton blooming lately. In the period 2005-2010 pico and nano-phytoplankton might significantly contribute to new SAS production near the bottom during summer. The observed changes of SAS may result in the changes of biogeochemical cycling of macro- and microconstituents of sea.




The dynamics of organic matter (OM) in marine coastal waters, when compared to the open ocean, is more strongly influenced by biological, chemical, and physical processes on shorter time scales and therefore more susceptible to environmental perturbations. Investigations on the characterization, distribution and cycling of marine OM are nowadays undoubtedly important in the context of global changes. These changes link marine, atmospheric and terrestrial ecosystems through the feedbacks including the interactions affecting fluxes of water, energy, nutrients and greenhouse gases. The majority of marine OM derives from primary production harvesting atmospheric and aquatic carbon dioxide. 
Over last few decades the interest regarding composition, properties and distribution of surface-active substances (SAS) in coastal waters, open seas and oceans has increased considerably. SAS represent a portion of the total OM pool including hydrophobic lipids (Gogou and Repeta, 2010), natural biopolymers, i.e. polysaccharides (Gogou and Repeta, 2010, Plavšić and Ćosović, 2000), which surfactant activity originate from the high molecular weight (Plavšić and Ćosović, 2000), and proteins (Gogou and Repeta, 2010, Gašparović et al., 1997), and geopolymers, humic and fulvic acids (Vojvodić et al., 1994). These polymers, i.e. high molecular weight fraction of OM, constitute approximately 25–35% of the total dissolved organic carbon in seawater (Repeta et al., 2002). 
Marine SAS are presumed to be derived primarily from phytoplankton exudates and their degradation products (Žutić et al., 1981; Gašparović et al., 1998). Production of this material appears to be seasonal and has been linked to biological productivity cycles (Gašparović and Ćosović, 2001; 2003). Protozoan grazers constitute a potentially signiﬁcant source of surface-active material in the areas where protists are abundant, such as the sediment–water interface and microbial loop-dominated oligotrophic regimes (Kujawinski et al., 2002). The atmospheric sources of SAS (Orlović Leko et al., 2009) to the seas have to be accounted for, but yet they have not been fully identified.
SAS could play an important role in the carbon cycle of the upper ocean (Croot et al., 2007). In the riverine dominated coastal areas SAS vary depending on the freshwater input (Gašparović and Ćosović, 2001). SAS are more abundant in the coastal regions in comparison to open ocean waters (Gašparović and Ćosović, 2001; Gašparović et al., 2005; 2007a). General vertical distribution of SAS show decreasing concentration from upper water layers towards the bottom (Croot et al., 2007; Wurl et al., 2009), indicating production of SAS in the upper layers and their efficient removal thereafter. SAS constitute an important part of the total content of dissolved organic matter (Plavšić et al., 2009). The major contribution to the surfactant activity in the surface layers comes from freshly produced carbohydrates (Tepić et al., 2009) indicating that SAS are mainly of the hydrophilic nature (Plavšić et al., 2009).
SAS role in the biogeochemistry of natural waters is manifested through their significant influence on various processes: SAS accumulation in the sea surface microlayer influence the physical exchange of gases and sea spray aerosols (Frew et al., 1990; 2002), bubble transport of gases (Leifer and Patro, 2002), the changes in metal ion speciation (Plavšić et al., 2007; 2009; Guo et al., 2002), and the change of the solubility and uptake of different macro and microconstituents by the organisms (González-Dávila, 1995; Oppo et al., 1999). 
As the majority of marine SAS are produced by phytoplankton population I was interested if SAS concentrations, properties and distribution may reflect the stage of phytoplankton activity. Also, I was interested which are influential factors governing SAS distribution and characteristics. The answer may be gained by the long-term investigations that may provide an improved understanding of the system functioning and its changes and eventually offer adequate explanations for its behavior. In this paper the results of SAS measurements performed in the northern Adriatic in the period from 1998 to 2010 are presented together with the corresponding basic hydrographic parameters, temperature and salinity. 

2. Materials and Methods
2.1. Study area and sampling
The northern Adriatic Sea is biologically the most productive region in the Mediterranean Sea (Sournia, 1973). It is a highly variable, dynamic environment, with a close coupling between river-borne nutrients, net productivity and vertical carbon fluxes. The most important source of the nutrients in the region is the Po River and the winter overturn of regenerated nutrients from the bottom layer (Degobbis et al., 2000). It is a complex basin, of which the western part is highly influenced by the Po River freshwater discharge, while its eastern part receives highly saline oligotrophic waters from the southern Adriatic. Chemical and biological processes are influenced by the hydrodynamic regime of the system which changes strongly according to the short-term meteorological phenomena that influence the circulation and vertical structure of the water column (Supić et al., 2006). 
Seasonal and spatial distributions of SAS were determined at two stations characterized by different nutritional status and situated on the transect from Rovinj to the Po River mouth (Fig. 1); oligotrophic station 107 (32 Nm off the Po River delta, depth 37 m) and meso to eutrophic station 101 (12 Nm off the Po River delta, depth 32 m). Samples were collected at several depths depending on the station sonic depth (surface, 5, 10 and 20 (30) m depth and 2 m above the bottom). Sampling was performed approximately on a monthly basis during thirteen years from February 1998 to August 2010. The samples were collected from the research vessel “Vila Velebita” with 5-liter Niskin bottles. For SAS determination, samples were stored in cooler in amber glass bottles at 4C and measured within 24 h. Filtration was performed immediately before measurements through 0.7 m Whatman GF/F filters pre-burned at 450 °C for 5 h. Temperature and salinity were determined by CTD probe (SBE 25 Sealogger CTD, Sea-Bird Electronics, Inc., Bellevue, Washingon, USA).

2.2. SAS determination
The electrochemical techniques were applied in measurements of surface-active substances in natural waters with much success. Generally, these methods are simple and rapid, because no pretreatment of the sample is necessary. SAS were determined by phase-sensitive a.c. voltammetry (in-phase measurements) using o-nitrophenol (ONP) as an electrochemical probe (Gašparović and Ćosović, 1994; 1995). The method is based on the fact that the electrochemical characteristics of ONP (peak potential, height and shape, and prepeak height) change significantly depending on the properties of adsorbed organic substances (hydrophobicity, acidity). The ONP has a voltammetric reduction peak at –0.555 V under the pH conditions of natural seawater. In the presence of organic matter adsorbed onto the mercury electrode, the o-nitrophenol peak potential is shifted towards more negative potentials in the range of a few to 100 mV or more, depending on OM concentration and hydrophobicity. The concentration of SAS representing a complex mixture of organic substances in natural seawater samples is determined as the equivalent concentration of the model substance, very often nonionic detergent T-X-100 (Gašparović and Ćosović, 2001; Croot et al., 2007; Wurl et al., 2009). In this work concentration of SAS was evaluated from the calibration line presenting dependence of ONP peak potential shift for certain sample with independently measured concentration of dissolved carbohydrates expressed in mg C/l (Tepić et al., 2009) for the same sample (Fig. 2). The presences of other organics than carbohydrates in seawater that contribute to SAS pool contribute to variations of calibration points in Fig. 2. The calibration of SAS with naturally occurring carbohydrates was chosen due to the fact that carbohydrates substantially contribute to the overall surfactant activity of the present organic matter in the northern Adriatic (Tepić et al., 2009). 
. The relative acidity of SAS is determined from the increase of the o-nitrophenol prepeak height (Gašparović et al., 1998). The height of the ONP prepeak is extremely sensitive to the acidity of the organic matter (Gašparović and Ćosović, 1995). The ONP prepeak increases up to six times in the presence of adsorbed layers of negatively charged organic substances such as humic acid, a few times for fulvic acid and proteins whereas in the presence of adsorbed uncharged polysaccharides, represented by model substances of the dextran type, there is no increase in the ONP prepeak height. 
Experimental conditions were as follows: A.c. voltammetric measurements were performed by EDT-ECP 110 Modular Research Polarograph (London, England). All experiments were performed in a three electrode system with hanging mercury drop electrode (HMDE) by Metrohm (Switzerland). Ag/AgCl electrode was used as the reference electrode and a platinum wire as the auxiliary electrode. The frequency of the ac voltage was 170 Hz, and the amplitude 10 mV. SAS was accumulated on mercury electrode (surface area 1.4 mm2) under stirring of the solution (270 r.p.m.), at a potential of –0.35 V, 3 min prior to potential scan. The total SAS (SAST) were determined directly from the untreated seawater, dissolved SAS (SASdiss )  were measured in the filtered (0.7 µm GF/F filters) seawater, while particulate SAS (SASp) were derived as the difference between SAST and SASdiss. 

2.3. Data analyses
Data were statistically analyzed using computer software Origin 7 (Origin Lab.). Linear fit and the Mann–Whitney test were used to analyze similarity between the data. 


3. Results and Discussion
Although the parameters were measured at the stated oceanographic depths, the results are presented here for selected depths (0 m, 10 m and 2m above the bottom), representing the main feature of their vertical water column distribution.

3.1. Environmental conditions
The distributions of basic hydrographic parameters, temperature and salinity, over the study period for stations 107 and 101 are given in Fig. 3. The temperature changes during the investigation period were typical for the temperate climate conditions, with marked seasonal changes, particularly in the upper water column. Development of thermocline usually started in April. Temperature distribution shows minimum values in winter (February) and depending on annual variability being in the range of 8.6 to 11.8°C at station 107, and 7.0 to 10.8 at station 101. The highest temperatures were measured at surface during summer (August) reaching even 29°C in some years. 
The salinity variations depend on the Po River outflows. The salinity distribution exhibited variations connected to higher riverine discharges in spring and autumn. Lower salinity waters were detected down to 10 m depth. More pronounced salinity minima were observed until 2003 in comparison to the period after 2005. To compare these two periods, statistical two sample t-test method is applied. At the 0.05 confidence level the difference between the population means, which are the periods 1998-2003 and 2005-2010, is significant only at surface of station 107 (p=0.0188). The general oceanographic description could be find in more detail in the papers by Cozzi et al. and Djakovac et al. (this issue).

3.2.  The concentration of surface-active substances
The changes in total SAS (SAST) concentrations, given in equivalent concentrations of marine carbohydrates, in the period from February 1998 to August 2010 and for the selected water layers are presented in Fig. 4. Data for years 2003 and 2004 are not given because at that time SAS were not measured. The general trend of SAST distribution during a year was sinusoidal with decreasing amplitude toward the bottom. Obvious feature of SAS distribution, visible for the surface layers of both stations, was lower SAS concentrations measured since 2005 up to nowadays in comparison to the period 1998 - 2003, although a trend of increase of SAST concentrations in the period 2005 - 2010 was noticed. Therefore the data are discussed for two periods: the first period being from February 1998 until January 2003, and the second period lasting from February 2005 until August 2010. 
The concentrations of SAST at oligotrophic station 107 ranged from 0.15 to 0.67 mg C/l in the first period, with average concentrations of 0.35±0.10, 0.33±0.11, 0.29±0.07, 0.24±0.05, 0.22±0.05 and 0.22±0.05 mg C/l at surface, 5 m, 10 m, 20 m, 30 m and bottom, respectively. In the second period SAST varied between 0.15 and 0.48 mg C/l. Lately, decreased average SAST concentrations of 0.27±0.08, 0.26±0.07, 0.25±0.07, 0.22±0.06, 0.20±0.03 and 0.20±0.04 mg C/l were measured at surface, 5 m, 10 m, 20 m, 30 m and bottom, respectively. 
At mesotrophic station 101 concentration of SAST for the first period varied in the range of 0.09 to 0.66 mg C/l, while average concentrations for the surface, 5 m, 10 m, 20 m and bottom were 0.37±0.12, 0.34±0.07, 0.29±0.07, 0.24±0.06 and 0.22±0.05 mg C/l, respectively. Second period was characterized with lower concentrations whose average values were 0.32±0.10, 0.29±0.09, 0.27±0.08, 0.23±0.05 and 0.23±0.05 mg C/l at the surface, 5 m, 10 m, 20 m and bottom, respectively. At later period the concentrations of SAST in equivalent concentrations of marine carbohydrates varied in the range of 0.09 to 0.64 mg C/l. 
Therefore, the difference between the two stations and depths 0 m, 5 m, 10 m, 20 m and bottom  refers to average 7.7%, 3.4%, 0.0%, 2.0% and 2.8 %, respectively, higher SAST concentrations at station 101 when compared to station 107. During the second period those differences were higher, i.e. 19.2%, 14.4%, 8.8%, 1.9% and 12.1% higher average SAST concentrations for the surface, 5 m, 10 m, 20 m and bottom, respectively, were measured at station 101 than at station 107. 
To find out if the first and second period significantly differed in the SAST concentration statistical the Mann–Whitney test was performed for all the layers separately. The difference between two periods is significant at the 0.05 confidence level for stations 107 at 0, 5 and 10 m (p<0.00001, p=0.00125 and p=0.00428, respectively) and at station 101 at 0 and 5 m (p=0.00949 and p=0.00615, respectively). Linear fits of data in Fig. 4 represent significantly different SAST concentrations between the periods 1998-2003 and 2005-2010.
Marine SAS are mainly derived from phytoplankton (Žutić et al., 1981; Gašparović and Ćosović, 2001). As phytoplankton abundance and seasonality in the northeastern Adriatic Sea is directly related to the annual regime of the Po River discharge (Viličić et al., 2009) it is to be expected that decreased freshwater load would lead to the decreased phytoplankton production of SAS, as observed since 2005 up to 2010. Indeed, there is a regional tendency towards Chl a reduction in the Northern Adriatic Sea over the last decade (Mozetič et al., 2010). To validate that the SAS production was caused by phytoplankton activity surviving on freshwater nutrients (salinity decrease), the correlation between SAST and salinity, as a conservative measure of nutrients, was performed for all layers. The correlation is statistically significant and negative (R=0.57-0.76, p=<0.00001-0.005) for the upper water column (surface to 10 m depth) for both stations. The negative relationship of the two parameters suggests that at lower salinities (i.e. more riverine nutrients) higher SAST concentrations might be expected. This relationship stress out the importance of the Po River nutrient loads for the northern Adriatic organic matter production. Due to the more significant decrease of fresh waters inflow at station 107 than at 101 in the second period SAS production was notably reduced at 107 compared to 101.
The decrease of the Po River freshwater inputs may be explained by shortening of the snow cover period in the Italian Alps. Moreover, as all Mediterranean rivers suffer from a significant reduction in freshwater discharge (Ludwig et al., 2009) possible ecological impacts should be visible in productive coastal areas. Indeed, the analyses of trends over 30 years in the northern Adriatic showed an increase in salinity and a clear reduction in concentrations of phosphate and ammonia in coastal areas (Solidoro et al., 2009). 

3.3. The distribution of SAS
SAS are distributed between the dissolved and particulate fraction. The particulate fraction of SAS is present in seawater during phytoplankton bloom (Gašparović et al., 1998). The ratio of the dissolved to the particulate organic matter fraction is changing during the bloom. Organic carbon partitioning is dominated by the particulate fraction at the beginning of phytoplankton bloom. Further on, the contribution of particles is decreasing, thus contributing to the increase of the dissolved substances (Yoshimura et al., 2009). 
Measurements of the SAS in the two fractions were systematically performed in surface waters since 1998, at bottom since 2000, and at intermediate layers since 2001. The SAS are mostly found in the dissolved fraction contributing there 43-100% (92.8±10.9%) at both stations. Generally their contribution to the SAS pool was higher than 90%. The distribution of particulate SAS (SASp) concentrations, given in equivalent concentrations of marine carbohydrates at surface and bottom layer is presented in Fig. 5. Due to the nonsystematic measurements of particulate SAS in the intermediate layers data will be discussed only for the surface and bottom. In the two layers the average SASp differed for the two periods (Table 1) although the first and second period statistically significantly differed only at surface of station 107. Less SASp was measured lately in the surface, while the opposite was recorded for the bottom. Statistically significant difference in the SASp content at surface and at the bottom between the two periods is observed both for the station 107 (p=0.0286 and p=0.0494, for surface and bottom, respectively) and for the station 101 (p=0.0160, p=0.0281, for surface and bottom, respectively). Lesser abundance of particulate SAS indicates rarer blooms in the surface layer lately. This is already explained by decreasing nutrients load to surface waters of the Northern Adriatic Sea. However, increased contribution of the particulate fraction of the SAS pool at the bottom observed since 2005 indicates increasing frequency of bottom blooming. Bottom blooming is possible by the basin shallowness allowing light to penetrate all the way to the bottom. Usually bottom blooms develop in the Northern Adriatic in deep layers in periods of a mixed water column (e.g., late autumn and winter) and at shallower stations during summer (Mozetič et al., 2010). Pico- and nano-phytoplankton may greatly contributed to the bottom blooms in summer, due to their greater competition potential for low nutrient concentrations below the thermocline (Stockner 1988, Viličić pers. comm.) Indeed, Radić et al. (2009) have found that phototrophic pico-eukaryotes and nanophototrophs show peak abundance near the bottom during the summer in the northern Adriatic.
 
3.4. Variability of surface-active substances acidity
Different acidity of marine SAS provide information on dominant SAS present in a sample. Freshly produced, unaltered biogenic SAS, polysaccharides, proteins and lipids are less acidic SAS (0 to  15 l/mg) than recalcintrant substances such as fulvic and humic acids ( 20 - 25 l/mg) (Gašparović and Ćosović, 2003). Less acidic SAS are expected to be found during phytoplankton productive period. Higher relative acidities are usually found at deeper layers, where humic type substances made significant part of the SAS pool (Gašparović and Ćosović, 1994; 2003). 
The distribution of SAST relative acidity is presented in Fig. 6 for the surface and the bottom layers. Here, the distinction in the acidity for the two layers in the first period is clearly seen having in general lower values in surface water compared to bottom water. Oppositely, the second period is characterized by overlaps of the SAST acidity values for the two layers. The first and second period significantly differed in the SAS acidity for the surface until 10 m depth at both stations, and at 20 m depth for station 101, as confirmed by statistical the Mann–Whitney test. The average values of the SAST relative acidities for the investigated depths, stations and periods are given in Table 2, together with statistically significant (<0.05) values for difference between two periods. Apart from the changes in the SAST concentrations between two periods, SAS characteristics changed as well. The major characteristic of the depth distribution of SAST relative acidity in the first period was the increase of SAS acidities with depth (see Table 2). Such distribution suggests the dominance of less acidic biogenic biopolymers in the surface waters, the transformation of which toward the bottom leads to the formation of more acidic substances of humic character. This indicates rapid turn-over of the majority of surface produced SAS and their transport towards the bottom as reworked SAS. Such acidity distribution was not observed in the second period. Close SAS acidity values were noted for whole water column. This due to the recent increase of acidity in the upper water column and SAST acidity decrease at the bottom when compared to the first period. Surface SAS acidity increase in the later period is in line with already explained rarer surface blooming resulting in lower contribution of less acidic biogenic SAS to SAS pool. The bottom acidity decrease implies higher contribution of biogenic SAS to SAS pool lately than it was observed in the first period. This is due to the more often blooming in this layer since 2005 as also suggested from the important contribution of the particulate SAS at the bottom. These results indicate increased importance of regenerated nutrients near the bottom for the phytoplankton blooming in the second period. The one explanation may be that due to the lower nutrient supply by Po River fresh waters in the surface layer, phytoplankton, which are SAS producer, migrates to deeper layers that are richer in nutrients coming from the OM remineralization processes. Such migration has already been found (Penezić et al., 2010). Furthermore, as already mentioned, pico-and nano-phytoplankton may greatly contributed to the bottom blooms.




The concentration of surface-active organic matter in the upper water column in the northern Adriatic decreased since 2005 in comparison to the previous decade. The main reason for the decrease is attributed to the oligotrophication. Namely, owing to the decreased outflow of the Po River fewer nutrients was supplied to the region and consequently the phytoplankton production of organic matter was reduced. The later decrease in SAST concentration was slightly lower at the mesotrophic western part which is under direct influence of the Po River freshwaters, in comparison to the oligotrophic eastern part which is less influenced by the Po River freshwaters. This implies that oligotrophic regions are much more sensible to the changes in nutrient loads.
The lower nutrient supply by freshwater (e.g. higher salinities) since 2005 has been reflected in decreased contribution of particulate SAS, as indicators of blooming, at the surface. Also, surface SAS appeared to be more acidic since 2005 indicating on possible changes of biogeochemical cycling of macro- and microconstituents in the northern Adriatic. Further on, during later period of oligotrophication more SASp and less acidic SAS were detected at the bottom. The reason of the change in water column SAS distribution between particulate and dissolved fraction and of their characteristics is explained by the changes in SAS production at those two layers. Due to the surface oligotrophication lately, phytoplankton, as SAS producer, probably mitigated from the surface to deeper layers that are richer in nutrients coming from the remineralization processes. Also pico- and nano-phytoplankton, which are more abundant in oligotrophic conditions, might greatly contributed to the near bottom blooms lately.
Since SAS make an important part of the total content of dissolved organic matter (Plavšić et al., 2009) and since freshly produced carbohydrates significantly contribute to the surfactant activity (Tepić et al., 2009) in the northern Adriatic, it may be concluded that the concentrations of total organic matter and carbohydrates decreased lately as well. The absence of mucilage aggregates appearance lately in comparison to their high intensity at the end of 1990s and the beginning of 2000s (Precali et al., 2005) support this assumption.
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Fig. 1. Map of sampling stations in the northern Adriatic Sea.
Fig. 2. Calibration curve for the determination of SAS concentration presenting relationship between dissolved carbohydrate concentration in mg C/l and the ONP peak potential shift for the northern Adriatic surface samples of stations 107 and 101, taken at surface waters in period 1998 to 2005. 
Fig. 3. Salinity (a and c) and temperature (b and d) variations for surface (triangles), 10 m (rhombus) and bottom (squares) layers of stations 107 (a and b) and 101(c and d) in the period from February 1998 to August 2010.
Fig. 4. Distribution of total surface-active substances concentrations (SAST) in equivalents of carbon of marine dissolved carbohydrates, for surface (triangles), 10 m (rhombus) and bottom (squares) layers of stations 107 and 101 in the period from February 1998 to August 2010. Lines represents linear fits of data that significantly differ in SAST concentration between the periods 1998-2003 and 2005-2010.
Fig. 5. Distribution of particulate surface-active substances concentrations (SASp) in equivalents of carbon of marine dissolved carbohydrates, for surface (triangles) and bottom (squares) layers of stations 107 and 101 in the period from February 1998 to August 2010. 





















































































	Average SAST relative acidity (l/mg)
1998-2003	14.0	14.7	15.6	16.2		19.9	4.4-38.6
2005-2010	16.8	16.7	18.2	18.3		18.2	2.3-37.6
p	0.0013	0.0419	0.0012	0.0439			
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